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Abstract 8 
The measurement of steel strains in reinforced concrete structures is often critical to characterise stresses and 9 
forces along the member. In this scope, this manuscript describes the development of a method to assess steel 10 
strains inside concrete members using solely surface measurements. These measurements were obtained 11 
using photogrammetry and image processing. The technique was validated using two concrete ties monitored 12 
using strain gauges placed inside the steel bars. The experimental results showed that one of the most 13 
important parameters affecting the accuracy of the technique is the measurement of crack widths, whereas 14 
the concrete strain has little effect on the final results. The technique is particularly advantageous since it is 15 
non-contact and does not impact on the bond conditions. It also does not require accessing the 16 
reinforcements. As a main conclusion, this work showed the feasibility of estimating strains inside the 17 
structure. This will benefit in the near future from further improvements namely in what concerns camera 18 
resolutions. 19 
Keywords: strains; monitoring; strain gauges; crack pattern; reinforced concrete; photogrammetry; image 20 
processing. 21 
1. Introduction 22 
Monitoring reinforced concrete (RC) structures is an important issue not only for assessing existing 23 
structures, but also to characterise the behaviour of new structures. In what regards experimental 24 
 2 
 
programmes, monitoring can be helpful for fully understanding the structural behaviour and properly relate 25 
all parameters. For reinforced concrete members, measuring steel strains in key-sections can be used for the 26 
calculation of stresses and/or forces along the member. In the case of steel bars in reinforced concrete 27 
members, strains are typically measured using electrical strain gauges. However, its installation can be rather 28 
difficult and time-consuming. In addition, strain gauges have to be small enough and be placed over a limited 29 
area, such that they do not change the bond and structural response. The main motivation of the research 30 
herein presented stems precisely from the experimental verification of the impact that strain gauges can have 31 
(see [1]). In this case, the measuring technique/device clearly influences the resulting response.  32 
The development of new tools using photogrammetry and image processing can play an important role in 33 
structural monitoring. These techniques can be applied to a significant number of surface points and enable 34 
more refined measurements, which would be extremely difficult to obtain using other traditional methods. 35 
Photogrammetry and image processing are also non-contact and non-destructive techniques for 36 
characterising crack patterns and deflections (displacements, curvatures and rotations). Recently, it was 37 
shown the feasibility of measuring bending moments in structural members using this approach [2, 3].  38 
The method discussed in the following sections constitutes a first step towards the application of 39 
photogrammetry and image processing in an innovative way. In particular, a new approach is introduced to 40 
estimate steel strains inside RC members using surface data extracted from digital images. This data includes 41 
the crack pattern, defined by crack widths and spacing [4-7]. The proposed approach, although clearly in its 42 
early steps, might become useful for estimating steel strains onsite together with more traditional monitoring 43 
techniques, and without impacting on the structural behaviour.  44 
The following objectives are herein defined: 45 
- explore new monitoring techniques and develop useful applications for RC members; 46 
- use surface data to assess the deformation of steel bars within RC members; 47 
- validate a new non-contact and non-destructive method for retrieving steel strains that does not 48 
modifies the concrete-to-steel bond. 49 
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The manuscript is organised as follows. The description of experimental programme and the material 50 
properties are described in Section 2. Section 3 details how the measurement of steel strains can be done 51 
using strain gauges and photogrammetry/image processing. Details on how to use these techniques to 52 
measure surface deformation, crack widths and spacing between cracks are also presented in this section. 53 
The analysis of results and corresponding discussion are dealt with in Section 4. Finally, the main 54 
conclusions are drawn in Section 5. 55 
2. Experimental programme 56 
An experimental programme was undertaken to support the development of the new technique and provide 57 
benchmark data regarding crack patterns and steel stresses. Two RC concrete ties under tensile loading were 58 
carefully prepared and monitored. The specimens were produced using the same materials and were 59 
100×100×800 mm3 prisms. The reinforcement was a single bar placed at the centre of the cross-section. 60 
2.1. Test set-up  61 
The reinforced concrete ties were loaded with a vertical force applied in the top extremity of the bar, being 62 
the other tip clamped. An interlocking sleeve system typically used for prestressing served as anchorage 63 
system – see Figure 1a. Loading was applied using a hydraulic servo-actuator attached to the reaction 64 
metallic frame shown in Figure 1b. This equipment has a maximum capacity of 180 kN in tension and 65 
applied load at a constant speed of 0.02 mm/s under control of displacements. The tensile force was 66 
measured using a load cell in the hydraulic servo-actuator.  67 
Additional instrumentation devices allowed measuring displacements and strains. Two linear variable 68 
differential transformers (LVDTs), each one attached to a metallic bar, were placed vertically on both sides 69 
of the RC tie to measure the deformation/elongation during the experimental test – see Figure 2. Steel strains 70 
were measured using electric strain gauges, which were connected to a portable data-logger. 71 
Photogrammetry and image processing techniques were also used to characterise the behaviour of the ties 72 
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(Figure 1b). All three monitoring systems (digital camera, actuator and data logger) were properly 73 
synchronised. 74 
  
(a) (b) 
Figure 1. Set-up: (a) detail of the interlocking sleeve system; (b) general overview. 75 
 76 
 77 
Figure 2. RC tie and LVDTs. 78 
2.2. Material properties 79 
The steel reinforcement was a hot rolled and ribbed, S500NR-SD class, 12 mm bar with 500 MPa nominal 80 
yield stress and 200 GPa Young’s modulus [4, 8]. The concrete used to cast the RC ties had a normal design 81 
density of 2446 kg/m3 [9-12] and the corresponding mixture is shown in Table 1. The average compressive 82 
strength, fcm, was 66 MPa and was experimentally measured 31 days after casting on three 150 mm cubic 83 
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specimens [13, 14]. The formwork was prepared and cleaned before casting and the concrete was vibrated 84 
after pouring to release air pockets and achieve suitable compactness. 85 
 86 
Table 1. Concrete mixture (per cubic meter).  87 
Material Mass (kg) 
Cement CEM I 52,5 R 320 
Addition Limestone filler 80 
Admixture Super plasticizer GS526 2.57 
Water - 157.7 
Aggregates 
Fine sand 0/1 284.7 
Medium sand II 528.7 
Gravel 199 
Coarse aggregate 8/14 805.3 
3. Strain and crack measurement 88 
This section provides detailed information concerning the measurements with strain gauges, photogrammetry 89 
and image processing. 90 
3.1. Strain gauges 91 
Strain gauges were placed inside the steel bar with the purpose of having benchmark values without 92 
changing the bond behaviour [1]. This task required a significant amount of specialised workmanship during 93 
which: (i) four bars were progressively trimmed until reaching half-section; (ii) the resulting half-sections 94 
were further processed to create a notch along the centreline (Figure 3a); (iii) the strain gauges with 10 mm 95 
length were glued along the notch and properly protected (Figure 3b); (iv) the wiring was placed along the 96 
notch and then connected to the data-logger; (v) the effective average area of each halve was measured and 97 
the two halves were finally glued together to obtain a complete bar (with an inner notch along the axis). The 98 
resulting effective average area was 0.785 cm2. 99 
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(a) 
 
(b) 
Figure 3. Strain gauges: (a) two halves with the inner notch; (b) strain gauges glued along the inner notch. 100 
 101 
A total of 11 and 9 strain gauges, spaced 100 mm, were used in RC ties I and II, respectively (see labelling in 102 
Figure 4). It should be mentioned that some strain gauges were damaged during installation, namely, strain 103 
gauge 4 in RC tie I and strain gauges 2, 3, 9 and 10 in tie II. 104 
 
 
Figure 4. Labelling of strain gauges. 
3.2. Monitoring system settings for image processing 105 
A digital camera was placed on a tripod at approximately 2.5 m and in front of the surface of the specimen. 106 
A remote shutter was installed to trigger the camera without compromising the stability of the monitoring 107 
apparatus. Images were acquired with a maximum resolution (4608×3072 pixel) and using a 55 mm lens. 108 
The camera-lens system was calibrated beforehand using Bouguet’s camera calibration procedure [15]. 109 
The surface of the ties was painted with a regular grid of 5 mm diameter circular targets spaced 10 mm. This 110 
was established according with previous experimental results and aiming at a precision of circa 0.3% on the 111 
strain field measured using photogrammetry [16]. Homogeneous and diffused lighting conditions were kept 112 
constant during the test to avoid influencing crack detection. The camera was triggered at pre-defined key-113 
points during the test, from which six stages were considered relevant (per test).  114 
800 mm
1 2 3 4 5 6 7 8 9 10 11
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Figure 5 shows the ‘load vs. time’ curve for both tests with the image acquisition stages (circular marks). 115 
 116 
 117 
Figure 5. Loading of the ties including identification of the most relevant stages. 118 
 119 
3.2.1. Surface strain calculation using photogrammetry  120 
Photogrammetry was already successfully applied for monitoring experimental tests. Presently, there are 121 
several approaches available for tracking displacements using this technique [16-20]. In the present work, 122 
high contrast circular targets have been painted in the surface of the specimen and tracked for in-plane 123 
displacements during the test [16, 21]. Before starting the test, a first image was acquired and used to 124 
establish a homography matrix that relates image coordinates (in pixel) with real-world coordinates (in mm). 125 
This matrix was used to scale and orientate all remaining images (see more details in [22]). The 126 
displacements measured during the test were then used to calculate the strain field [20, 22, 23] using standard 127 
finite element post-processing techniques. For this purpose, a strain-nodal displacement matrix was built for 128 
each target and used to calculate the strain [16].  129 
The error in the detection of target coordinates was experimentally estimated based on the repeatability of 130 
the method. The standard statistical measurement Root Mean Square (RMS) was applied to assess the errors 131 
in the coordinates calculated using a set of ten identical images acquired immediately before loading and 132 
within a short period of time. The RMS was 0.040 mm and 0.030 mm, respectively, for RC ties I and II (see 133 
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Error! Reference source not found.). Using this information, the average error in the strain field was 134 
0.35% [2].  135 
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RC tie II 
 
 
 
 
(a) (b) 
Figure 6. RMS [mm]: (a) map; (b) correlation between RMS in both x and y directions. 136 
 137 
Figure 7 shows a comparison between displacements measured with both LVDTs and photogrammetry, 138 
considering the 10 boundary targets at each edge of the tie, during the test. An average difference of 0.12mm 139 
and 0.61mm was computed for ties I and II, respectively. It should be mentioned, however, that these 140 
differences are high and cannot be used for the validation of photogrammetric displacements. In fact, the 141 
traditional system was unstable during the tests and the points tracked with both techniques (LVDTs and 142 
photogrammetry) were close, but not coincident. The validation of this technique was already performed in 143 
two previous experimental studies (see publications [16, 22]). 144 
 145 
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Figure 7. LVDTs vs. Photogrammetry. 146 
 147 
3.2.2. Crack measurement using image processing 148 
The crack width results directly from the slippage between steel and neighbouring concrete under tensile 149 
stresses. Since the slippage depends on the level of applied load, a careful characterisation of the crack 150 
pattern can be used to predict the behaviour inside the reinforced concrete member, namely the deformation 151 
in steel reinforcements.  152 
The characterisation of crack patterns in surfaces can be done using image processing algorithms [24]. Most 153 
approaches require certain light conditions to avoid false detections due to stains or shadows existing on the 154 
surface [22, 24]. Despite this, the level of precision can be quite high and depends mainly on the spatial 155 
resolution of the image. Image processing algorithms usually output a binary image suitable for measuring 156 
crack widths or other geometric features. If the images are scaled, for instance using the homography 157 
procedure mentioned earlier, then all measurements can be directly converted into real dimensions. This 158 
technique was herein applied for characterising the crack pattern during the test (more details about the 159 
procedure can be found in [2, 24]). Measuring crack widths was performed along three distinct profiles on 160 
the binarised image (see Figure 8), where the number of pixels intercepted at each crack directly provides its 161 
width (for that profile). It should be mentioned that the spatial resolution of the resulting images was 162 
0.2 mm/pixel, which was also the average error in the measurement. This error precludes measurements for 163 
lightly loaded specimens, in which case a second camera would be required for acquiring close-up images 164 
with increased resolution. In the following sections, the loading stages were carefully selected such that all 165 
measurements and crack widths are within the capabilities of the current set-up. 166 
 167 
  
(a) (b) 
Figure 8. Crack widths: (a) measuring profiles; (b) detail of a profile crossing a crack. 168 
 169 
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3.2.3. From the crack pattern to steel strains 170 
When the concrete ties reaches its tensile strength due to the applied load, cracking starts to develop. 171 
Simultaneously, its axial stiffness starts to progressively decrease. After the stabilisation of this process, the 172 
crack pattern no longer changes and further increasing loads will only change the existing crack openings. 173 
During this stabilised state, the crack width is equal to the crack spacing multiplied by the difference 174 
between average strain in reinforcement and concrete located between the cracks. The crack width therefore 175 
results from the different relative deformations, i.e. slip, of steel against concrete over a finite distance 176 
(shaded area in Figure 9). This information can be used to compute the average steel strain within this 177 
region, using the crack widths found at the surface of the member: 178 
cmsmcmsmc
s
0
s
s
w
s).(dx).(w +=−−=  ,   (1) 179 
where ‘w’ is the width of the crack, ‘s’ and ‘c’ stand, respectively, for the steel and concrete strains; ‘sm’ 180 
and ‘cm’ are, respectively, the average strains for steel and concrete; and ‘s’ is the distance between cracks. 181 
Please note that the previous expression is formulated for the fibre where the bar is located and will be herein 182 
assumed valid through the thickness of the specimen at that particular location. This is the typical approach 183 
adopted by existing concrete design standards and guidelines, see e.g. [4, 5]. 184 
In the following sections, this manuscript explores the possibility of using Eq. (1) to retrieve the average 185 
strain in steel using the crack widths measured with image processing. It should be highlighted, however, 186 
that cracking is a semi-random process depending on the material properties, namely, the highly 187 
heterogeneous tensile strength of concrete [6]. Consequently, crack widths and spacing can vary relatively to 188 
its average value. This will be dealt with in the following sections. 189 
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 190 
Figure 9. Steel and concrete strains for a cracked member. 191 
4. Results 192 
Figure 10 shows the load vs. displacement curve (F-) representative of the overall behaviour of the concrete 193 
ties (continuous lines). In the same figure, the circular marks were used to represent the stages where images 194 
were acquired. The F- curve shows that the axial stiffness before cracking was quite high and that the 195 
response was nearly linear until the onset of the first crack. After cracking, the deformation increased 196 
considerably with loading, revealing a steep loss of stiffness. In this stage the tension stiffening effect was 197 
significant, as the concrete between the cracks contributed to the tensile strength of the member and to a 198 
reduced deformation along the steel bar. Finally, the last stage was characterised by a horizontal plateau 199 
appearing when the steel reinforcement yielded. Considering the reduced area of cross-section of the bar, the 200 
cracking stabilisation occurred close to the point where steel started to yield.  201 
     cm
     sm
Strains
Steel strain      s
Concrete strain      c
w - crack width
w =  (    -    ).dx 
s
   s      c
s
0
(      -       ).s    sm   cm
area equal to w
FF
 12 
 
 202 
Figure 10. Load vs. displacement curves measured using LVDTs and the stages of image acquisition. 203 
 204 
The experimental results were used to assess the applicability of the method proposed to predict the steel 205 
strain steel using crack measurements on the surface of the ties. The following sections address the main 206 
results. Section 4.1 shows the evolution of the steel strains on several longitudinal sections and along the 207 
entire tie. In the Sections 4.2 and 4.3, the strains on the concrete surface obtained by photogrammetry and 208 
crack patterns (cracks widths and spacing) computed by image processing, are analysed for the six relevant 209 
stages. Finally, in Section 4.4, a comparison between prediction and measurements is performed. 210 
4.1. Steel deformation measured using strain gauges 211 
Despite the fact of some strain gauges being damaged, the analysis of the strain profile along the bar could 212 
be effectively made using the remaining gauges. Figure 11 shows the strain profile along 800 mm depicted 213 
using the strain gauges 2 to 10 (see Figure 4). Results are within the expected range of values and enable the 214 
identification of the onset of cracking, namely, cracks location (characterised by the highest strain). The 215 
increased strain in the region of the crack is related with the concrete tensile strength and cross-section. 216 
Before cracking, the stress in the reinforcing bar is approximately constant along the tie, whereas after 217 
cracking, the stress varies along its axis: (i) in cracked sections, the stress is higher and theoretically equals 218 
the stress considering the whole load applied onto the bar; and (ii) in uncracked sections between the cracks, 219 
the stress decreases significantly due to the concrete carrying part of the tensile forces in that region. 220 
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As mentioned in Section 3.2.3, the crack width depends on the relative deformation between steel and 221 
concrete within a corresponding region of interest (Figure 9). In this scope, the first step before applying 222 
Eq. (1) required the calculation of the length of the region related with each crack width. The crack pattern of 223 
both ties showed three different regions of interest, one per main crack. These regions were defined as half 224 
the crack spacing to each side (Figure 12). The second step included calculating the average steel strain for 225 
each region using the strain measured with all non-faulty gauges inside that region (later on to be used for 226 
validation purposes). The evolution of the steel strain with the load is shown in Figure 13 and Table 2. It can 227 
be noticed that the steel strain increased almost linearly with the load until approximately 30 kN. After that 228 
point, the strain increased significantly with small load increments, since the reinforcement was already 229 
yielding. 230 
 231 
  
(a) (b) 
Figure 11. Strains along the bar for: (a) RC tie I; and (b) RC tie II. 
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Figure 12. Identification of the regions of interest around each crack. 
 
 
 
 
(a) (b) 
Figure 13. Load vs. steel strain: (a) RC tie I; and (b) RC tie II. 
 233 
Table 2 – Average steel strains for each RC tie. 234 
Stage 
Load  
(kN) 
RC tie I 
Average steel strains (x10-6) 
Load  
(kN) 
RC tie II 
Average steel strains (x10-6) 
Region 1 Region 2 Region 3 Region 1 Region 2 Region 3 
#1 24 96 53 895 32 804 943 772 
#2 34 505 2005 2263 38 1402 1968 2736 
#3 35 1332 2289 2578 39 1490 2214 2898 
#4 37 1561 2435 2923 40 1531 2282 2991 
#5 41 2245 3158 2283 42 2006 4237 6851 
#6 42 2561 3585 2489 43 2059 - - 
4.2. Surface strain  235 
Maps showing the surface strain distribution were computed using the displacement field measured by 236 
photogrammetry and according with the procedure described earlier – see Figure 14. Since the principal 237 
deformation takes place along the axis of the RC tie, the strain field was computed in that direction. This 238 
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average strain was computed between two consecutive lines of targets (identical values in x-axis). The darker 239 
areas correspond to larger strains that exceeded the concrete strain limit. This is in accordance with the 240 
presence of cracks in those regions and the crack patterns presented in the previous section. 241 
Stage image surface deformation 
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Figure 14. Strain field distribution on the surface of the ties. 
 242 
The previous figures were used to compute the average concrete strain between the cracks for each region of 243 
interest (see Figure 12). This calculation used the displacements measured along the line of vertical targets 244 
located nearer the limits of each region. The strain precision reached out in this case is directly related with 245 
the length of the regions – see Table 3. The concrete strain for different loads is shown in Figure 15 and also 246 
in Table 3. In general, and as expected, the average concrete strain increases with the load, being this growth 247 
linear for the early stages. The values measured are higher than the ultimate concrete strain, since these 248 
include cracks existing at the surface for each region. In the following sections, two limit situations will be 249 
considered to check the role of this parameter in the accuracy of the method. 250 
 251 
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(a) (b) 
Figure 15. Load vs. concrete strain on the surface: (a) RC tie I; and (b) RC tie II. 
 252 
Table 3. Concrete strain computed by photogrammetry. 253 
Stage 
Load 
(kN) 
RC tie I 
Average strain (x10-6) Load 
(kN) 
RC tie II 
Average strain (x10-6) 
Region 1 
(error <0.67‰) 
Region 2 
(error <0.46‰) 
Region 3 
(error <0.36‰) 
Region 1 
(error <0.36‰) 
Region 2 
(error <0.62‰) 
Region 3 
(error <0.76‰) 
#1 24 486 1051 2445 32 568 1090 2231 
#2 34 719 1311 2857 38 759 1439 2655 
#3 35 743 1071 2790 39 756 1497 2788 
#4 37 771 1160 2684 40 1063 1887 3586 
#5 41 899 1709 2957 42 1123 1726 3161 
#6 42 1175 1746 2782 43 1072 2813 4588 
4.3. Crack measurement  254 
The superficial cracks on both ties were detected and measured using the image processing technique 255 
described earlier [22, 24]. Figure 16 shows the location of all cracks for the last stage, since the process of 256 
crack formation is already fully stabilised. The corresponding cracks widths were measured for each stage 257 
using the procedure in Section 3.2.2. Figure 17 shows the evolution of the widths during the test, whereas 258 
Tables 4 and 5 summarise all data for both ties including the average, minimum and maximum widths 259 
obtained using the three profiles shown in Figure 8.  260 
 261 
  
(a) (b) 
Figure 16. Average crack width for each crack: (a) RC tie I; (b) RC tie II. 262 
 263 
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(a) (b) 
Figure 17. Crack width evolution: (a) RC tie I; (b) RC tie II. 264 
 265 
Table 4. Crack widths – RC tie I 266 
Stage 
Load 
(kN) 
Crack 1 (mm) Crack 2 (mm) Crack 3 (mm) 
wm wmin wmax wm wmin wmax wm wmin wmax 
#1 24 - - - - - - - - - 
#2 34 - - - - - - 0.20 0.20 0.20 
#3 35 - - - 0.13 0.00 0.40 0.13 0.00 0.40 
#4 37 0.20 0.20 0.20 0.53 0.40 0.60 0.53 0.40 0.60 
#5 41 0.20 0.00 0.60 1.13 1.00 1.40 0.80 0.60 1.00 
#6 42 0.27 0.00 0.40 2.07 2.00 2.20 1.13 1.00 1.20 
 267 
Table 5. Crack widths – RC tie II 268 
Stage 
Load 
(kN) 
Crack 1 (mm) Crack 2 (mm) Crack 3 (mm) 
wm wmin wmax wm wmin wmax wm wmin wmax 
#1 32 - - - - - - - - - 
#2 38 - - - - - - - - - 
#3 39 - - - 0.33 0.20 0.40 - - - 
#4 40 - - - 0.33 0.20 0.40 0.40 0.20 0.60 
#5 42 0.67 0.60 0.80 0.53 0.00 1.60 0.60 0.00 0.60 
#6 43 0.73 0.60 0.80 1.93 1.20 2.60 0.87 0.60 1.20 
4.4. Assessing the steel strain 269 
The assessment of the steel strain using surface measurements was done using the following parameters: (i) 270 
average crack width; (ii) length of the region of interest neighbouring each crack; and (iii) the average 271 
concrete strain. The calculated strain, s.photo, was then compared with the values measured using strain 272 
gauges, s.g.. The following three different approaches were applied: 273 
– Approach 1. Concrete deformation between cracks, cm, was considered negligible since it is usually 274 
significantly smaller than the average steel strain, sm.  275 
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– Approach 2. Concrete deformation between cracks, cm, obtained using photogrammetry was 276 
considered in the calculations to check for the sensitivity of the calculation of the steel strain 277 
relatively to this parameter. 278 
– Approach 3. The analysis was performed globally for each tie, with and without considering the 279 
concrete deformation. The purpose of this global analysis is to obtain a more reliable approximation 280 
that is not only focused in a narrow region of the member. 281 
Results from the first approach show some dispersion in tie I, particularly in region 2 and for the two last 282 
stages of analysis - see Figure 18a. The remaining data points are relatively close to the line (y=x) for regions 283 
1 and 3, meaning that calculated strains tend to approach the values measured with the strain gauges. For RC 284 
tie II, the points are also close to the reference line for all regions, highlighting the feasibility of this 285 
procedure for calculating steel strains (Figure 18b). 286 
 287 
  
(a) (b) 
Figure 18. Strain calculation neglecting cm: (a) RC tie I; and (b) RC tie II. 
 288 
When using the second approach, and as expected according with Eq. (1), strain estimates are slightly 289 
increased – see Figure 19. Theoretically, including this parameter would lead to more rigorous calculations. 290 
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(a) 
(b) 
Figure 19. Strain calculation using cm: (a) RC tie I; and (b) RC tie II. 
 292 
In third approach, all crack widths were used together for the entire length of the tie, to check whether this 293 
approach would provide more reliable estimates. Results are summarised in Figure 20 and showed a smaller 294 
dispersion compared with the previous two approaches. However, it should be mentioned that this approach 295 
should only be applied after all cracks are indeed stabilised, which is not the case for all the stages in this 296 
analysis. 297 
 298 
  
(a) (b) 
Figure 20. Strain calculation using the whole tie: (a) neglecting cm; and (b) considering cm determined using 
photogrammetry.  
 299 
With the purpose of understanding the influence of the crack width on the strain estimates, the third approach 300 
was applied with both minimum and maximum crack values, also with and without cm. Figure 21 301 
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summarises the main results and shows that the crack width has a major impact on the calculation of the steel 302 
strain, being actually the most relevant parameter. Figure 21 also shows how using the minimum and 303 
maximum crack widths would impact on the results. This points out to the importance of measuring the 304 
crack widths using high precision methods. It should be mentioned that the calculation using both minimum 305 
and maximum values, although illustrative, leads to unreal estimates of the strain, since not all cracks are 306 
probabilistically expected to have such values. The average value is the one that is the reference and can be 307 
used for measuring steel strain, in spite of the limitations on the image resolution mentioned before. The 308 
analysis also confirms that cm has little impact on the results when compared with the crack width. 309 
 310 
  
(a) (b) 
Figure 21. Strain calculation using the whole tie and: (a) neglecting cm; and (b) considering cm determined using 
photogrammetry.  
 311 
Finally, the steel stress can be calculated from the estimated strains by using directly the constitutive model 312 
for the adopted steel.  313 
5. Conclusions 314 
This manuscript focused on the development of a method to assess steel strains in reinforced concrete 315 
members using surface measurements, namely, crack widths and spacing. Since the crack widths can be 316 
related with the relative slippage between steel and concrete, it can be used to estimate the steel deformation. 317 
In the proposed approach, photogrammetry and image processing were used to characterise the surface of the 318 
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members. The study carried out aimed at assessing the applicability of this technique and the feasibility of 319 
proposing useful innovative tools for structural engineering. 320 
The results showed that the method can be applied to assess the steel strain and support both monitoring and 321 
diagnosis of the structural behaviour. Currently, the limited resolution of existing digital cameras does not 322 
allow a more accurate evaluation of steel strains. The main advantage is in the retro analysis or for prediction 323 
of steel strains whenever strain gauges are not available (or cannot be easily installed). The new technique 324 
does not interfere with the bond between steel and concrete. However, it can only be applied after concrete 325 
cracking and, in some situations, after stabilised cracking. Therefore, the technique may not be suitable for 326 
structures under small service loads.  327 
The proposed analysis can be applied in the narrow regions surrounding a single crack, or to larger regions. 328 
In the latter case, only the average strains can be retrieved. From the experimental tests, larger areas showed 329 
slightly less dispersion in terms of results, thus decreasing the error in the calculations. It was also shown 330 
that the crack width is the most important parameter for the calculation of the steel strain. Therefore, the 331 
accuracy will depend on the procedure adopted for obtaining crack width measurements. The adopted 332 
experimental set-up only allowed a resolution of 0.2 mm/pixel, which precludes monitoring lightly loaded 333 
concrete specimens. This situation, however, can be overcome by using a second camera for close-up image 334 
acquisition with increased resolution. 335 
In this scope, the crack widths seem to have more impact on the strain estimates, particularly when compared 336 
with the concrete deformation between the cracks. In fact, since the concrete strain is within the precision of 337 
the method, this parameter can be slightly overestimated and, hence, the same happens with the steel strain. 338 
Results showed that the method is feasible and that can have a great potential for structural monitoring that 339 
will benefit from further improvements, namely in what concerns the camera resolution.  340 
Acknowledgments 341 
D. Dias-da-Costa would like to acknowledge the support from the Australian Research Council through its 342 
Discovery Early Career Researcher Award (DE150101703) and from the Faculty of Engineering & 343 
 22 
 
Information Technologies, The University of Sydney, under the Faculty Research Cluster Program.  344 
J. Valença and D. Dias-da-Costa would like to acknowledge the support provided by FEDER funds through 345 
the Operational Programme for Competitiveness Factors – COMPETE – by Portuguese funds through FCT – 346 
Portuguese Foundation for Science and Technology under Project No. FCOMP-01-0124-FEDER-020275 347 
(FCT ref. PTDC/ECM/119214/2010). J. Valença also extends his acknowledgement to the financial support 348 
of the Portuguese Foundation for Science and Technology (FCT), post-doctoral grant 349 
SFRH/BPD/102790/2014. 350 
References 351 
[1] Carmo RNF, Costa H, Bento G. Experimental investigation of Bond stress and deformation of LWAC 352 
ties reinforced with GFRP bars. Strain - An International Journal for Experimental Mechanics. 353 
2014;50(4):318-33. 354 
[2] Dias-da-Costa D, Valença J, do Carmo RNF. Curvature assessment of reinforced concrete beams using 355 
photogrammetric techniques. Mater Struct. 2014;47(10):1745-60. 356 
[3] Carmo RNFd, Valença J, Dias-da-Costa D. Plastic rotation and tension stiffening effect analysis in beams 357 
using photogrammetry. IBRACON Structures and Materials journal. 2013;6(3):475-86. 358 
[4] CEN. EN 1992-1-1: Eurocode 2: Design of Concrete Structures - Part 1-1: General Rules and Rules for 359 
Buildings, in: European Committee for Standardization (CEN). 2004. 360 
[5] MC2010. fib. Model Code for Concrete Structures 2010: . The International Federation for Structural 361 
Concrete (fib), Wiley-VCH Verlag GmbH & Co. KGaA; 2013. 362 
[6] CEB. CEB design manual on cracking and deformations. Comité euro-international du béton, Lausanne: 363 
Ecole polytechnique fédérale de Lausanne; 1985. 364 
[7] A B, GL. B. Models for flexural cracking in concrete: The state of the art. Structural Concrete, Journal of 365 
the fib (Thomas Telford Journal). 2005;6(2):53-62. 366 
[8] EN 10002-1. 2001. Tensile testing of metallic materials - Part 1: Method of Test at Ambient 367 
Temperature. Brussels, Belgium: European Committee for Standardisation; 2001. 368 
[9] Costa H, Júlio E, Lourenço J. A New Mixture Design Method for Lightweight Aggregate Concrete. fib 369 
International PhD Symposium in Civil Engineering. Copenhagen - Denmark2010. 370 
[10] Costa H. Lightweight aggregate concrete – strengthening and precast applications. PhD Thesis (In 371 
Portuguese). Department of Civil Engineering of University of Coimbra, Portugal. 2013. 372 
[11] Faury J. Le betón. 3rd ed Dunod, Paris (in French). 1958. 373 
[12] Féret R. Sur la compacité des mortiers hydrauliques. Dunod, Paris (in French). 1982. 374 
 23 
 
[13] EN 206-1. 2007, Concrete - Part 1: Specification, performance, production and conformity. Brussels, 375 
Belgium: European Committee for Standardisation; 2007. 376 
[14] EN 12390, Testing hardened concrete. Brussels, Belgium: European Committee for Standardisation; 377 
2009. 378 
[15] Bouguet J. Camera Calibration Toolbox for Matlab. http://wwwvisioncaltechedu/bouguetj/calib_doc 379 
(current July 9, 2010). 2010. 380 
[16] Dias-da-Costa D, Valença J, Júlio E. Laboratorial test monitoring applying photogrammetric post-381 
processing procedures to surface displacements. Measurement. 2011;44(3):527-38. 382 
[17] Maas H, Hampel U. Photogrammetric technique in civil engineering material testing and structure 383 
monitoring. Photogrammetric Engineering & Remote Sensing 2006;72(1):1-7. 384 
[18] Koke I, Müller WH, Ferber F, Mahnken R, Funke H. Measuring mechanical parameters in glass fiber-385 
reinforced composites: Standard evaluation techniques enhanced by photogrammetry. Composites Science 386 
and Technology. 2008;68(5):1156-64. 387 
[19] Li L-G, Liang J, Shi B-Q, Guo C, Hu H. Grid-based photogrammetry system for large scale sheet metal 388 
strain measurement. Optik - International Journal for Light and Electron Optics. 2014;125(19):5508-14. 389 
[20] Godinho L, Dias-da-Costa D, Valença J, Areias P. An Efficient Technique for Surface Strain Recovery 390 
from Photogrammetric Data using Meshless Interpolation. Strain. 2014;50(2):132-46. 391 
[21] Valença J, Júlio E, Araújo H. Application of photogrammetry to structural assessment. Experimental 392 
Techniques. 2012;36(5):71-81. 393 
[22] Valença J, Dias-da-Costa D, Júlio E, Araújo H, Costa H. Automatic crack monitoring using 394 
photogrammetry and image processing. Measurement. 2013. 395 
[23] Thomas H, Cantré S. Applications of low-budget photogrammetry in the geotechnical laboratory. The 396 
Photogrammetric Record. 2009;24:332-50. 397 
[24] Valença J, Dias-da-Costa D, Júlio ENBS. Characterisation of concrete cracking during laboratorial tests 398 
using image processing. Construction and Building Materials. 2012;28(1):607-15. 399 
 400 
 401 
